The recently theoretically predicted electrical asymmetry effect (EAE) ( A geometrically symmetric CCRF discharge (equal electrode surface areas) operated at 13.56 and 27.12 MHz with variable phase angle between the harmonics is operated in argon at different pressures. The dc self bias, the energy as well as the flux of ions at the grounded electrode, and the space and phase resolved optical emission are measured. The results verify the predictions of models and simulations: via the EAE a dc self bias is generated as an almost linear function of the phase. This variable dc self bias allows separate control of ion energy and flux in an almost ideal way under various discharge conditions.
(Some figures in this article are in colour only in the electronic version) Capacitively coupled radio frequency (CCRF) discharges have a paramount importance in plasma processing applications ranging from chip and solar cell manufacturing to the creation of biocompatible surfaces [5] . For such applications separate control of ion energy and ion flux at the electrode surfaces is essential. The energy of ions impinging on the substrate determines the individual chemical or physical processes. The ion flux determines the throughput of a given process. In single frequency CCRF discharges separate control of ion energy and flux cannot be achieved, since both parameters are controlled by the amplitude of the applied RF voltage waveform. If a CCRF discharge is operated at two substantially different frequencies and if the amplitude of the low frequency (lf) RF voltage is much higher than the high frequency (hf) amplitude, the lf component will mainly determine the ion energy at the wafer surface and the hf component will mainly determine the ion flux [6] [7] [8] [9] [10] . However, recent investigations have shown that there can be a strong coupling between the two frequencies, that might limit the separate control [11] [12] [13] [14] [15] [16] [17] .
Recently, a completely novel concept to control ion energy and flux at the electrode surface separately in discharges operated at two similar frequencies was proposed using an analytical model and a fluid simulation [1] [2] [3] . It is based on the electrical asymmetry effect (EAE): if one electrode is driven at a fundamental frequency and its second harmonic with variable phase between the two voltage waveforms, a dc self bias will develop as a function of the phase angle even in a geometrically symmetric CCRF discharge with equal electrode surface areas (electrical asymmetry). A self-consistent PIC simulation demonstrated that ion energy and flux at the electrodes can indeed be controlled separately via this concept [3, 4] .
However, until now the EAE and its application to separate control of ion energy and flux have only been predicted theoretically. In this work both are verified experimentally for the first time. A geometrically symmetric CCRF discharge operated at 13.56 and 27.12 MHz with variable phase angle between the harmonics is built and the dc self bias, the ion energy as well as the ion flux at the grounded electrode surface, and the space and phase resolved optical emission are measured. It will be demonstrated experimentally that (i) a dc self bias is generated as a function of the phase between the applied voltage harmonics in a geometrically symmetric CCRF discharge via the EAE and that (ii) ion energy and flux at the electrode surface can be controlled separately. Figure 1 shows the experimental setup. Two synchronized function generators (Agilent 33250A) are used to generate the phase locked 13.56 and 27.12 MHz voltage waveforms. The phase angle between these harmonics can be adjusted via the frequency generators. Each voltage waveform is then amplified individually by a broadband amplifier and matched individually (hf + lf match). Behind each matchbox a filter blocks the other harmonic (lf + hf block). Behind the filters the two voltage waveforms are added and applied to the bottom electrode. The radius of both electrodes (powered and grounded) is 5 cm. The gap between the electrodes is variable. Here gaps of 1 and 2.5 cm are used. Both electrodes are located in a vacuum GEC cell. The plasma is shielded from the outer grounded chamber walls by a glass cylinder. Therefore, the discharge is geometrically symmetric. It is mainly operated in argon at low powers of a few watts. The ion energy and ion flux at the grounded electrode are measured by a Balzer Plasma Process Monitor 422 (PPM) [18] . Some ions accelerated towards the grounded electrode by the sheath potential enter the PPM through an extraction hole of diameter 100 µm. The extraction hole is grounded. Using the PPM, energy scans of ions at fixed mass (argon ions) yield ion flux energy distribution functions at the grounded electrode. The PPM is calibrated carefully with respect to its energy scale as well as the shape of the measured ion flux energy distribution functions. The energy scale is calibrated by creating ions at known energy (100 eV) in the ionization chamber of the PPM by setting the potential of the ionization chamber to 100 V. Low extraction voltages (10 V) and low emission currents (1 mA) are used to avoid space charges and potential shifts [18] . To ensure a correct shape of the distribution function all potentials of the ion optics focusing the incoming ion beam into the energy analyzer are initially switched off. Therefore, only ions moving collinearly to the discharge axis are detected. Under these conditions in a hydrogen plasma H + 3 ions (dominant ion species) were detected. Although the measured intensity is very low, the shape of the distribution function is not affected by the focusing optics and is, therefore, correct. Then the potentials of the ion focusing optics are optimized to maximize the signal intensity, but still maintain the original shape of the distribution function [19] (measured with all potentials set to zero). In order to measure the emission from a specifically chosen neon state (Ne2p 1 ) space and phase resolved 10% Neon were admixed to the discharge only for the optical measurements.
Besides other attributes [20] the short lifetime of the Ne2p 1 -state makes this state particularly useful for phase resolved optical emission spectroscopy (PROES). The emission at 585.5 nm is measured by an Andor Istar ICCD camera synchronized with the lf voltage waveform in combination with an interference filter. The temporal resolution of these measurements is 5 ns. Images are taken at different phases within the lf RF period (step width of 5 ns). The resulting images are binned in the horizontal direction and combined to an emission matrix providing one-dimensional spatial resolution perpendicular to the electrodes of about 0.05 cm. From the emission the excitation is calculated using a simple collisional-radiative model [20, 21] .
A voltage waveform φ(t) = φ 0 (2πf t + θ) + cos(4πf t)) is applied to the bottom electrode. Here f = 13.56 MHz, θ is the phase angle between the applied voltage harmonics and φ 0 is the amplitude of one voltage harmonic. In the experiment the amplitudes of the two voltage waveforms are chosen to be identical with an accuracy of ±3 V in order to use similar conditions as in [2] [3] [4] . Due to limited mechanical access to the powered electrode the voltage drop across the discharge in terms of the superposition of both harmonics is measured by a LeCroy high voltage probe about 1.5 m in front of the powered electrode. The RF period average of the measured voltage yields the dc self bias. The amplitude of each individual harmonic is determined by a Fourier analysis of the measured superposition. Due to reflection on the cable the voltage amplitudes and the phase θ between the harmonics are different at the electrode and at the original position in front of the electrode, where the voltage is measured during plasma operation. As the voltage amplitudes and phase at the electrode must be known, when the plasma is switched on, the following calibration procedure is performed: when the chamber is vented (no plasma), the voltage is measured directly at the electrode and at the position, where the voltage is measured during plasma operation. From a comparison of these two measurements the phase shift and the calibration factors for both voltage amplitudes are determined. When no plasma is ignited, the electrode corresponds to an open end. Therefore, this calibration is only accurate and reliable, if the electrode acts similar to an open end also when the plasma is ignited. This is checked by carefully estimating the capacitive reactance of the cable to ground and the plasma impedance: the capacitive reactance of the cable to ground (about 70 ) was found to be significantly smaller than the plasma impedance (about 550 ), which is dominated by the capacitive reactance of the sheaths (the reactance and resistance of the bulk are negligible). The sheath capacitance was estimated based on the sheath width obtained from optical emission measurements. By calculating the reflection factor
, where Z p is the plasma impedance and Z L is the wave impedance of the cable, with and without plasma (open end) the error regarding the measured phase shift between the applied voltage harmonics caused by this calibration is determined to be about 6
• . This error is small and similar to the resolution of the bias measurement itself (the DC self bias was measured in 15
• steps). It is caused by the fact that the plasma does not exactly, but to a very good approximation, correspond to an open end during plasma operation.
The left plot of figure 2 shows the voltage drop across the discharge at θ = 0
• and θ = 90
• . The voltage waveforms are reconstructed from the first and second harmonics of the measured voltages applying the calibration procedure described above. Higher harmonics were not observed. The discharge is operated in argon, at 20 Pa, φ 0 = 76 V, and an electrode gap of 1 cm. Although the discharge is geometrically symmetric, a dc self bias η, indicated in figure 2, is generated. At θ = 0
• minimum and maximum η is observed, respectively. This dc self bias is caused by the EAE and is observed experimentally here for the first time. Until now the generation of a dc self bias has only been observed in geometrically asymmetric CCRF discharges [22] [23] [24] [25] .
The right plot of figure 2 shows the dc self bias at different pressures and electrode gaps as a function of θ . As predicted by previous models and simulations [2] [3] [4] the dc self bias changes almost linearly as a function of θ due to the EAE. At a large electrode gap of 2.5 cm the bias is mainly negative, whereas at a gap of 1 cm the maximum and minimum dc self bias are almost identical. Due to the bad aspect ratio between electrode radius r and gap d at d = 2.5 cm (r/d = 2) the capacitive coupling between the glass cylinder and the outer grounded chamber wall effectively enlarges the grounded surface and, therefore, leads to an additional asymmetry. At d = 1 cm (r/d = 5) this additional asymmetry is greatly reduced. This effective asymmetry of geometrically symmetric CCRF discharges was observed before by Coburn and Key [22] and modelled by Liebermann and Savas [25] .
In order to perform measurements in a geometrically symmetric CCRF discharge without substantial parasitic capacitive coupling between the glass cylinder and the outer chamber wall, the discharge must be operated with a small electrode gap, e.g. 1 cm. However, due to Paschen's curve at small electrode gaps the discharge cannot be operated at low pressures at reasonably low powers, which can only be applied in this experiment. In order to perform measurements at low pressures, which are particularly relevant for industrial applications, the electrode gap had to be increased to 2.5 cm. However, in this case the capacitive coupling to the outer walls causes an additional constant negative bias, which shifts the curves of the right plot of figure 2 to more negative values. In order to avoid this problem a discharge, that can be operated at low pressures, with high aspect ratio would be needed. This could be realized by choosing electrodes of large radius.
The variable dc self bias provides a unique opportunity to control the ion energy at the electrode surfaces. Here the ion flux energy distribution function is measured as a function of θ at different pressures and electrode gaps at the grounded electrode by the PPM. Figure 3 shows ion flux energy distribution functions at the grounded electrode at 4, 10 and 20 Pa at different electrode gaps as a function of θ . At the low pressure of 4 Pa the sheath is almost collisionless and many ions hit the electrode with high energies corresponding to the time averaged sheath potential. This is the origin of the peak at high energies at 4 Pa. With increasing pressure the sheath gets more collisional, the high energy peak vanishes and the fraction of low energetic ions increases. In the range of energies between 0 eV and the strong peak at high energies at 4 Pa multiple smaller peaks are observed. These are caused by charge exchange collisions between ions and neutrals in the sheath. These peaks are also observed at higher pressures of 10 and 20 Pa. Generally, at a given phase angle the distribution functions measured here agree well qualitatively with ion energy distribution functions observed in CCRF discharges before [26] [27] [28] .
Due to the EAE the dc self bias changes as a function of θ (see figure 2 ) and this change in η strongly affects the ion flux energy distributions at the grounded electrode. As θ increases from 0
• to 90 • , the dc self bias gets more positive and, consequently, the mean sheath voltage at the grounded electrode increases. Therefore, ions hitting this electrode gain significantly higher energies at θ = 90
• compared with θ = 0
• . Figure 3 agrees well with ion flux energy distribution functions resulting from a fluid/Monte Carlo model [2] and a PIC simulation [4] of the EAE.
The left plot of figure 4 shows the mean energy ε i = f (ε) dε is the ion flux at the grounded electrode resulting from an integration of f (ε). Due to the variable dc self bias induced by the EAE the mean ion energy at the electrode increases by a factor of about 2 as θ is changed from 0
• to 90
• under all conditions investigated. At the same time the ion flux i at the grounded electrode remains constant to a good approximation. This is shown in the right plot of figure  4 for all conditions investigated. Based on figures 3 and 4, these measurements clearly demonstrate that separate control of ion energy and flux at the electrodes can indeed be achieved in a simple and almost ideal way via the EAE. Figure 5 shows the phase and space resolved excitation into Ne2p 1 at θ = 30
• (left) and θ = 120 • (right) at 60 Pa, φ 0 = 76 V and an electrode gap of 1 cm. 10% neon is admixed to the discharge as tracer gas for PROES. Measurements are performed at relatively high pressure, since at 60 Pa the mean free path for electrons is short enough to distinguish between excitation caused by the top and bottom sheath expansion, respectively. At θ = 30
• the dc self bias is strongly negative, the sheath voltage at the bottom powered electrode is high, and, consequently, the sheath expands fast. Vice versa, the sheath expansion velocity at ground is small. Therefore, sheath expansion heating is mostly observed at the bottom electrode at this phase angle [4, 21] . At θ = 120
• the bias is positive, the sheath voltage at the grounded electrode is high and, consequently, the sheath at ground expands fast. At the powered electrode the sheath expansion velocity is small at this phase angle. Therefore, sheath expansion heating is observed mainly at the top grounded electrode at this phase. The change in the spatio-temporal excitation pattern observed here is another way to illustrate the consequences of the EAE on the discharge dynamics. These asymmetric excitation profiles have already been predicted by model calculations [2] and PIC simulations of the EAE [3] .
